Abstract: There is no consensus about the rate and style of clay mineral diagenesis in progressively buried sandstones v. interbedded mudstones. The diagenetic evolution of interbedded Miocene sandstones and mudstones from the Vienna Basin (Austria) has therefore been compared using core-based studies, petrography, X-ray diffraction and X-ray fluorescence. There was a common provenance for the coarse-and fine-grained sediments, and the primary depositional environment of the host sediment had no direct effect on illitization. The sandstones are mostly lithic arkoses dominated by framework grains of quartz, altered feldspars and carbonate rock fragments. Sandstone porosity has been reduced by quartz overgrowths and calcite cement; their pore-filling authigenic clay minerals consist of mixed-layer illite-smectite, illite, kaolinite and chlorite. In sandstones, smectite illitization progresses with depth; at 2150 m there is a transition from randomly interstratified to regular interstratified illite-smectite. The overall mineralogy of mudstones is surprisingly similar to the sandstones. However, for a given depth, feldspars are more altered to kaolinite, and smectite illitization is more advanced in sandstones than in mudstones. The higher permeability of sandstones allowed faster movement of material and pore fluid necessary for illitization and feldspar alteration than in mudstones. The significance of this work is that it has shown that open-system diagenesis is important for some clay mineral diagenetic reactions in sandstones, while closed-system diagenesis seems to operate for clay mineral diagenesis in mudstones.
Although there have been numerous separate studies of both sandstone and mudstone burial diagenesis, relatively little research has been carried out or documented on the comparative clay mineralogical relationships of interbedded sandstones and mudstones. For example, existing publications have not revealed a systematic pattern for the occurrence and rates of smectite illitization in interbedded sandstones and mudstones (McKinley et al. 2003) . Three different smectite illitization scenarios have been proposed: (i) illitization occurs at a similar depth in sandstones and mudstones (Hugget 1996) ; (ii) illitization occurs at a slower rate in sandstones than in mudstones (Boles & Franks 1979; Howard 1981; Niu & Ishida 2000) ; and (iii) illitization occurs at a faster rate in sandstones than in mudstones (Hillier et al. 1996; Ko & Hesse 1998) . The last scenario has been mainly attributed to higher permeabilities in sandstones compared to mudstones and/or the effects of circulating higher temperature fluids, suggesting the need to understand the effects of an open system v. a closed system on changes in clay mineralogy.
The illitization of smectite is controlled by a number of factors, including temperature, pressure, porosity and permeability (McKinley et al. 2003) . Illitization also requires the availability of potassium in the pore fluid (Weibel 1999) , which typically is assumed to have been derived from the dissolution or alteration of K-feldspar or muscovite (Hower et al. 1976) . Differences in reaction rates of specific smectite compositions are also considered to play an important role (McKinley et al. 2003) .
One of the products of the smectite to illite transformation in mudstones is quartz, which can be precipitated as microcrystalline quartz within the mudstone matrix (Peltonen et al. 2009; Thyberg et al. 2010; Thyberg & Jahren 2011) in closed systems or as cements in adjacent sandstones in open systems (Lynch et al. 1997; Thyne 2001) .
The primary composition of both the sandstones and the mudstones plays an important role not only for illitization of smectites but also for the authigenesis of kaolinite. Arkosic sandstones have a higher potential to produce kaolinite cement than quartz arenites (Worden & Morad 2003) .
Understanding the reaction from smectite to illite is of economic importance, especially for the petroleum industry, because sandstones that contain smectite normally have a poor reservoir quality. In some cases, sandstone reservoir quality might be improved by the illitization of smectite because illite has a lower specific surface area than smectite . In finegrained facies, the change from smectite to illite also causes an increase in rock density and seismic velocity, and this constitutes the first seismically important mineral reaction in mudstones. The smectite to illite reaction has several implications for mudstones. Weak smectite is replaced by stiffer illite. The reaction creates free water and the volume of solids is decreased because illite has a higher density than smectite. Quartz is produced as a byproduct and porosity may be reduced by chemical compaction (Avseth 2010 ). All of these have an effect on seismic signatures, and must be considered as input controls and parameters for rock physics modelling.
Extensive geological research has been carried out in the Vienna Basin (Fig. 1) for more than 150 years (Sauer et al. 1992) . Oil and gas exploration activities started in the early twentieth century and the first hydrocarbon discoveries were made in the early 1930s. Since then, more than 6000 wells have been drilled (Arzmüller et al. 2006 ) and significant parts of the basin have been covered with twodimensional (2D) and, more recently, 3D seismic data. This extensive dataset over the basin has permitted detailed studies of the structural evolution and stratigraphy of the basin and its depositional environments, and also the diagenesis of the sedimentary basin fill. The Aderklaa 78 well (Figs 1 & 2) , utilized in this study, was drilled by OMV Aktiengesellschaft in 1958. This well had a comprehensive data acquisition programme, which, in addition to wireline logging, included the coring of long intervals. The Aderklaa 78 well reached its final depth of 2851 m in Upper Triassic dolomites of the Alpine-Carpathian fold and thrust belt. Extensive coring was carried out in the Neogene basin fill, which here has allowed a detailed study of the diagenetic evolution of the interbedded sandstones and mudstones, and an assessment of the controlling parameters, such as temperature, depth, depositional environment and primary lithologies.
The specific objectives of this study are to: (1) characterize the diagenesis of the sandstones and mudstones; (2) compare clay mineral evolution in progressively buried interbedded sandstones and mudstones; and (3) document lithological influences and the control of the depositional environment on progressively modified clay minerals, especially on mixed-layer illite -smectite.
Geology
The Vienna Basin (Fig. 1) is located in the NE part of Austria, extending into Slovakia and the Czech Republic. The NE-SW-trending Vienna Basin has a rhomboidal shape, and is approximately 200 km long and 40 km wide. It is a classic pull-apart basin and formed along a sinistral fault system during the lateral extrusion of the Eastern Alps (Royden 1985) . Maximum sediment thickness in the depocentres is up to 5500 m. The present-day geothermal gradient in the Vienna Basin is 308C km 21 (Sachsenhofer 2001).
During the first phase of its evolution in the Early Miocene, the Vienna Basin formed as a piggy-back basin on top of the thrusted and imbricated nappes of the Alpine-Carpathian fold and thrust belt. The second phase of basin formation, the classic pull-apart phase, started in the Middle Miocene and continued until the Late Miocene, where east -west compression led to basin inversion (Decker & Peresson 1996) . This was followed by east -west extension from the Pleistocene to present times.
The Neogene basin, and the thrusted and imbricated units of the Northern Calcareous Alps and the Flysch, are underlain by an autochthonous, passive-margin sequence. There, crystalline basement is overlain by a predominantly Jurassic sedimentary section. Thin Cretaceous and Palaeogene sediments unconformably overlie this section. The main hydrocarbon source rock of the Vienna Basin, marls of the Malmian Mikulov Formation, belongs to this sequence. Triggered by thrusting, the source rock entered the oil window in the Early Miocene. Its further maturation was controlled by local subsidence of the Neogene basin. Depending on its location, the present-day maturity of the source rock ranges from being in the oil window to overmature. The present-day depth of oil generation is between 4000 and 6000 m (Ladwein 1988) .
Neogene sedimentation in the Aderklaa 78 well started with the Lower Miocene, Karpatian sediments of the Aderklaa Formation. These sediments are predominantly mudstones and marls, and are interpreted to be of limnic-fluviatile to lacustrine origin (Seifert 1996 ). An increase in sand content towards the top of the Aderklaa Formation reflects the progradation of a delta system. An inversion phase, coinciding with a change from piggy-back to rhombic pull-apart basin development at the end of the Early Miocene, stopped sedimentation and caused uplift and erosion (Hölzel et al. 2010) . Subsequently, braided river sediments of the 'Aderklaa Conglomerate' were deposited on the peneplained surface.
Afterwards, fully marine conditions were established as the Vienna Basin connected with the Paratethys via a seaway through the Pannonian Basin. Throughout most of the Middle Miocene (Badenian), fully marine conditions predominated. Depositional environments alternated from shaly and marly basin floors to sandy delta-front and slope environments. Prograding and retrograding delta systems caused the alternation of sandstones and mudstones. A regional sea-level highstand was reached during 'Spiroplectammina' times, when carbonate deposition took place on regional highs. In Aderklaa 78, the lower two units of the Badenian, the Upper and Lower Lagenid zones, reveal a significant influx of sand, whereas the upper two units, the Buliminia Rotalia and the Spiroplectammina zones, are dominated by shaly and marly sediments. Regionally, delta progradation culminated at the Badenian-Sarmatian boundary. Depositional environments for the Sarmatian remained basinal to delta front and slope. However, conditions changed from open marine to restricted marine and brachyhaline. The basin reached its maximum extent and subsidence slowed down (Seifert 1996) . During the Pannonian, the basin got completely cut off from the Paratethys and an extensive freshwater lake developed. Pannonian sediments were deposited in delta-front to delta-plain environments.
Net sand in Aderklaa 78, derived from a spontaneous potential (SP) log, reaches maximums in the Upper and Lower Lagenid zones with 22 and 65%, respectively. In contrast, sediments of the Aderklaa Formation, the Sarmatian and the lower Pannion have sandstone-mudstone ratios of 8-13%. No sandstones can be identified on the SP log in the Buliminia Rotalia and the Spiroplectammina zones.
Materials and methods
Samples were taken from cores that were cut from Miocene sediments at depths of between 780 and 2803 m in the Aderklaa 78 well (Fig. 2 ). Resistivity and SP logs were available for the whole well. Temperature measurements were taken from the surface to 1999 m. In addition, macroscopic core descriptions and compiled cutting descriptions could be accessed.
Thirty-four sandstone samples and 23 samples from intercalated mudstone intervals were available. Special emphasis was given to 23 samples of sandstone-mudstone pairs where both lithologies were in close vertical proximity, with distances varying between 0.1 and 1 m. The samples were compared using thin-section microscopy, X-ray diffraction (XRD) analysis, X-ray fluorescence analysis and scanning electron microscopy (SEM).
Thin sections of the sandstones and mudstones were impregnated with blue resin to highlight porosity. In addition, they were stained with Alizarin Red S and K-ferricyanide to aid carbonate mineral detection.
To separate the clay fraction (,2 mm) from the sandstones and mudstones, the inner part of the core was first disaggregated manually and the organic material removed with H 2 O 2 , and then treated with a 400 W ultrasonic probe for 3 min. The outer part of the core was discarded to avoid contamination from the drilling mud. Atterberg cylinders were used to separate the ,2 mm fraction; the ,0.2 mm fraction was obtained by centrifugation (Tanner & Jackson 1947) .
Bulk and clay fraction mineralogies of the powdered samples were ascertained by XRD using a Panalytical X'Pert PRO diffractometer (Cu Ka radiation, 40 kV, 40 mA, step size 0.0167, 5 s per step). Semi-quantitative mineral estimates of the bulk sample were made using the method of Schultz (1964) , which has error limits of +10%. Orientated samples of the ,2 mm fraction for XRD were made by dispersing 8 mg of clay in 1 ml of S. GIER ET AL .   175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232 water, pipetting 1 ml of suspension onto a glass slide and drying at room temperature. The orientated mounts were analysed in an air-dried state and after vapour solvation with ethylene glycol (EG) at 608C for 12 h. The proportions of smectite and illite in the illite -smectite phase were determined using the 2-theta method described by Moore & Reynolds (1997) .
The major-element composition of the sandstone and mudstone samples was analysed using a Philips PW 2400 X-ray fluorescence spectrometer.
Morphology of authigenic minerals was studied with a Philips XL 30 ESEM scanning electron microscope on fractured, gold-coated surfaces of sandstones.
Results
For the present paper, results of studies of sandstone (Gier et al. 2008 ) and mudstone diagenesis (Kurzweil & Johns 1981; Horton et al. 1985) of the Aderklaa 78 well were integrated with new results from 23 samples of sandstone-mudstone pairs from similar depths.
Sandstones
Mineralogy and petrology. The fine-to coarsegrained sandstones (Fig. 3b, c) can be classified from point-count data as predominately lithic arkoses to feldspathic litharenites, with subordinate subarkoses (Gier et al. 2008 ) and an average sandstone composition of Q 60 F 22 L 18 . Detrital grains comprise monocrystalline quartz, feldspar, limestone, dolomite and some ductile lithic grains. The feldspars are mostly K-feldspars and show variable degrees of alteration. The replacement of feldspars by kaolinite is common. Intergranular pores are partly filled by calcite cement, quartz overgrowths, clay minerals (illite, illite -smectite, kaolinite and chlorite) and some minor pyrite (Gier et al. 2008) . 233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290 Bulk mineralogy from XRD (Fig. 4) gives a range of 46-88% quartz, 4-8% feldspar, 4-21% calcite, 0 -18% dolomite and 0-28% clay minerals. The majority of the bulk samples contain mica (0-14%), and only some bulk samples contain smectite, kaolinite and chlorite.
In the following, we use the term mica for wellcrystallized detrital 10 Å minerals (mostly muscovite) occurring in the bulk samples and illite for the authigenic 10 Å mineral found in the clay fraction (less than 2 mm).
Authigenic clay cements in the pores of the sandstones are illite, mixed-layer illite -smectite, kaolinite and chlorite (Fig. 5) . Expandable smectite, as part of the mixed-layer illite -smectite, decreases with depth, from 76% in the shallowest (892 m) to 20% in the deepest sample (2774 m). The quantification of the clay minerals ( Fig. 6a-d) gives 8-54% illite -smectite, 33-71% illite, 3-37% kaolinite and 5-21% chlorite. Kaolinite shows increasing abundance at depths greater than 2000 m (Figs 3d, 5 & 6c) , in accordance with kaolinite data collected with Fourier transform infrared spectroscopy (FTIR) (Gier et al. 2008, fig. 8d ). The illitization of smectite is also expressed by the transition of a randomly interstratified (R0) to regular interstratified (R1 ordering) I/S mixed layer at a depth of 2150 m. The percentage of illite layers in the illite -smectite mixed layer increases, as in the mudstones, from around 24% at 892 m to 80% at 2774 m (Fig. 5) .
Chemistry. The bulk chemical composition of the sandstones (Fig. 7) reflects their mineralogy (compare Figs 4-7) . They contain 55 -84% SiO 2 , 2-8% Al 2 O 3 , 1.3-3.6% Fe 2 O 3 , 0.5-4.9% MgO, 4-13% CaO, 0.4 -1.34% Na 2 O and 0.7-1.4% K 2 O. The sandstones have been geochemically classified based on Herron (1988) . Most sandstone samples plot into the fields of sublitharenites, with lesser subarkoses and litharenites ( Fig. 8) : this is broadly in agreement with results from pointcounting. It has to be mentioned that geochemical data were only available for sandstones from the sandstone-mudstone pairs and that they only constitute a subset of the overall sandstone samples.
Mudstones
Mineralogy and petrology. By grain size, the mudstones can be characterized as clayey siltstones (Kurzweil & Johns 1981) . Bedding-parallel muscovite flakes and silt-sized quartz and carbonate grains can be identified in thin sections of mudstones (Fig. 3a, c) . Bulk mineralogy of mudstones was determined by XRD (Fig. 9) . The constituent minerals are broadly similar to the sandstones but the relative abundance of individual minerals is different. As in the sandstones, the main components are quartz (16-37%), feldspar (3-10%), calcite (7-20%), dolomite (2-13%) and clay minerals (35 -69%). Amongst these, mica is the most abundant (17-32%), followed by smectite (0-30%), chlorite (0-15%) and kaolinite (0 -9.4%).
The clay fraction (,2 mm) of the mudstones is broadly similar to the sandstones at any given depth and the clay fraction shows similar changes with depth (Fig. 6) . The only notable exception is kaolinite (Fig. 6c) . The mudstones contain 5 -62% illite -smectite, 26 -68% illite, 3 -13% kaolinite and 3-16% chlorite. The fine clay fraction (,0.2 mm) of the mudstones is dominated by 291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348 mixed-layer illite -smectite. The main clay mineral transformation with depth, the change from smectite to illite involving mixed-layer illite -smectite intermediates, is also observed. The percentage of illite layers in the illite -smectite mixed layer increases, as in the sandstones, from 25% at 780 m to 84% at 2803 m (Fig. 10) .
Chemistry. In contrast to their mineralogical composition (Fig. 9) , the bulk chemical composition of the mudstones is broadly homogeneous (Fig. 11) . They contain 45 -54% SiO 2 , 10 -17% Al 2 O 3 , 4-6% Fe 2 O 3 , 2.3 -4.4% MgO, 6 -12% CaO, 0.7-1.2% Na 2 O and 2.2-3.5% K 2 O. The loss on ignition varies between 10 and 18%. When geochemically classified, the mudstones plot into the shale and wacke fields (Herron 1988) (Fig. 8) , and show only a minor scatter.
Based on literature data, the total organic carbon (TOC) values of the mudstones vary from 0.22 to 2.04%, with a mean value of 0.81% (Johns & Hoefs 1985) . Changes in the ratios of these elements might, thus, be indicative of changes in sediment provenance. Absolute amounts of TiO 2 and Al 2 O 3 may vary because of dilution by quartz, calcite or dolomite. For this reason, a ratio of the two has been used. The TiO 2 /(TiO 2 + Al 2 O 3 ) ratio is nearly constant for the studied mudstones (Fig. 12a) , indicating a broadly uniform sediment provenance. Variations of this ratio in the sandstones are caused by local differences in the feldspar content that have an effect on Al 2 O 3 (Fig. 12a) .
Similarly, the ratio of quartz/(quartz + Kfeldspar + plagioclase) (Fig. 12b) remains constant with depth and supports the concept of a uniform sediment provenance.
The MgO/(MgO + Fe 2 O 3 ) index shows a significant increase upsection (with decreasing depth) in both mudstones and sandstones (Fig. 12c) . This coincides with a decrease in the calcite/(calcite + dolomite) ratio in both sandstones and mudstones (Fig. 12d) . This relative decrease of calcite v. dolomite upsection indicates both a change in sediment input and a diagenetic overprint. This is 349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404 405 406 407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463 in accordance with microscopic observations in the sandstones, where a larger amount of dolomite clasts relative to calcite clasts can be seen in the shallower samples. The deeper samples contain more calcite than dolomite clasts and, in addition, are calcite cemented.
From the base of the section, the Na 2 O/(Na 2 O + K 2 O) ratio for sandstone decreases upwards, while the ratio increases upwards in mudstones, up to about 1750 m (Fig. 12e) . In the shallower section, the Na 2 O/(Na 2 O + K 2 O) ratio stays constant, and is approximately the same for the sandstones and mudstones (Fig. 12e) . The sandstones seem to have lost K 2 O in the deeper section relative to the shallow section (Fig. 12f) , presumably because of the dissolution of K-feldspar in the older and hightemperature sediments. This change coincides with the depth interval where the authigenic kaolinite is seen to increase (Fig. 6c) . In order to establish whether this K 2 O had an effect on the illitization of smectites in adjacent mudstones, the ratios of Na 2 O/(Na 2 O + Al 2 O 3 ) and K 2 O/(K 2 O + Al 2 O 3 ) were used (Fig. 12f ) . While Na 2 O increases only slightly upsection in the mudstones and stays 
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Geochemical classification of the Aderklaa samples after Herron (1988) . The mudstones (squares) plot in the shale to wacke fields; the sandstones (circles) in the sublitharenite to litharenite fields.
constant with depth for the sandstones, the increase in K 2 O upsection in the sandstones is significant. However, K 2 O is roughly constant with depth for the mudstones (Fig. 12f) . This suggests that the sandstones did not contribute K 2 O to the mudstone for illitization.
The chemical index of alteration (CIA ¼ (Al 2 O 3 / (Al 2 O 3 + CaO* + Na 2 O + K 2 O)): Nesbitt & Young 1982) can be an indicator of major-element changes resulting from weathering and the conversion of feldspars and other labile components to clay minerals. For mudstones, it has previously been used to characterize the degree of weathering of the sediment-source region and varying hinterland terrains . The CIA can also be interpreted to represent the degree of diagenetic alteration and material loss from the sandstones during diagenesis. To remove the effects of the high carbonate content of the Aderklaa sediments, the CIA has been calculated without CaO. The Aderklaa sandstone samples show decreased alteration upsection (Fig. 12g) . In unburied sediments that are not diagenetically altered, this would be interpreted as a loss of alkali elements by increased weathering: in our case, this 'CIA' index is interpreted to reflect the greater degree of Fig. 10 . X-ray diffraction patterns of orientated, ethylene glycol (EG)-saturated fine clay fractions of mudstones from different depths. Illitization of smectite is increasing with depth. I/S, illite-smectite; I, illite; K, kaolinite; C, chlorite; R0, randomly interstratified; R1, ordered. 523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 diagenetic alteration of feldspar in the deeper sandstones than in the shallower sandstones.
Comparison of clay mineralogy and illitization in sandstones and mudstones
Smectite illitization in sandstones can both be similar or dissimilar to the equivalent process in adjacent mudstones (McKinley et al. 2003) . Key controls are the initial rock mineralogy and composition, the local water geochemistry and the higher permeability of sandstones compared to mudstones (McKinley et al. 2003) . Hugget (1996) showed the detrital and authigenic mineralogies of Paleocene sandstones and mudstones of the Central North Sea to be quite similar, the only difference being the relative proportions of the clays. Niu & Ishida (2000) and reported a slower rate of illitization in sandstones compared to mudstones. This is in line with observations by, for example, Boles & Franks (1979) and Howard (1981) from Palaeogene sandstones in the Gulf of Mexico. They showed a higher smectite content in the illite -smectite mixed-layer clay in the sandstones. The slower illitization rate in the sandstones could possibly be explained by different initial types of smectite in the sandstones and mudstones: a low-charged and a high-charged type, respectively. The smectites in the sandstones were formed by authigenesis during burial, and thus grew in equilibrium with the pore fluids, whereas the smectites in the mudstones could be largely derived from weathered illite (McKinley et al. 2003) . The smectites derived from weathered illite in the mudstones are higher charged than the authigenic smectites in the sandstones. For higher charged smectite, the uptake of potassium is easier (Gier et al. 1998) and, thus, the illitization process might be faster in the mudstones. 581  582  583  584  585  586  587  588  589  590  591  592  593  594 In a hydrothermal setting, sandstones displayed a higher rate of illitization compared to adjacent mudstones (Hillier et al. 1996) . There, higher permeability in the sandstones allowed the circulation of hydrothermal fluids and resulted in higher temperatures in the sandstones. A higher rate of illitization in sandstones caused by higher permeability and porosity was also reported by Ko & Hesse (1998) .
In the Aderklaa sandstone-mudstone sequence, the illitization of the illite -smectite mixed-layer mineral has progressed faster (more extensively) in the sandstones than in the mudstones (Fig. 13) . We explain this as being a consequence of the higher porosity and permeability of the sandstones that allowed faster advection of the pore fluid (or faster diffusion within the better-connected pore fluid). In comparison, there is less smectite but more illite, chlorite and kaolinite in the sandstone.
The faster fluid flow (or diffusion) in the sandstones relative to the mudstones is also documented in the comparative clay mineral plots of illite -smectite, illite, chlorite and kaolinite ( Fig. 6a-d) . Kaolinite authigenesis has progressed more in the sandstones compared to the mudstones. In Aderklaa 78, this increase in kaolinite content coincides exactly with the depth interval with the largest amount of Kfeldspar (Gier et al. 2008) . In this sandstone interval with an elevated K-feldspar content, alteration because of fluid flow or diffusion is demonstrably greater than in the mudstones. The dissolution of Kfeldspar also provides K-and Al-ions, which are necessary for the illitization of smectite (Hower et al. 1976) . This is another possible factor accelerating the illitization in the sandstones. The lower fluid flow or diffusion rate in the mudstone samples of Aderklaa 78 is also supported by their bulk composition, which shows no significant variation with depth (Figs 11 & 12) even though their clay mineralogy is quite different (Fig. 9 ). This indicates a closed system for the diagenetic changes within the mudstones. The process of conversion of smectite into illite layers is, thus, dependent on lithology because it has progressed by a transformation process in the mudstones within a restricted chemical system and by a dissolution-precipitation process in the sandstones within a more open chemical system (Clauer et al. 1999) .
There is a reversal in the illitization trend at a depth of around 2700 m (Fig. 13) . Kurzweil & Johns (1981) interpreted this to be the result of the variation in composition of the subsurface pore fluids. In areas adjacent to Aderklaa 78, pore fluids within underlying Triassic dolomites have an unusually high Mg content that increases upwards and also within the basal sediments of the Neogene basin fill (Kurzweil & Johns 1981) . Generally, illitization with depth is a function of temperature and the availability of K-ions supplied by pore waters (Hower et al. 1976) . A high Mg content within porefluids would promote the stability of smectite relative to illite. Another explanation for the reversal in illitization could be early carbonate cementation. Samples from the lowermost part of the Aderklaa Formation (.2500 m) show a high degree of carbonate cementation. This coincides with a deviation in the illitization trend (Fig. 13) . Carbonate cementation causes a reduction in porosity and permeability, and results in a decrease in supply of the K and Al ions necessary for illitization. The substantial influence of permeability on illitization was also shown by Ramseyer & Boles (1986) , who described early carbonate cementation in sandstones having retarded the illitization process, probably by impeding the transport of Al and K ions to and from the reaction sites.
Effects of different depositional environments on clay mineral assemblage and illitization
Three factors are particularly important in determining the clay mineral assemblages exhibited by alternating mudstones and sandstones (Jeans 1989) : (1) the mineralogical and chemical nature of the detrital and colloidal sediment load; (2) the extent to which individual components within this load are segregated by variations in the depositional energy of the environment at the point of sedimentation and by the effects of differential flocculation; and (3) the variations in the chemistry of the depositional fluids and the diagenetic formation water.
Sediments in Aderklaa 78 were deposited in a variety of environments ranging, from the bottom to the top of the sedimentary sequence, from limnicfluviatile to lacustrine, fully marine, to restricted marine and brachyhaline, and back to limnic. Based on regional geology, mineralogy (Fig. 12b) and geochemistry (Fig. 12a) , a common and rather uniform source area can be interpreted for the alternating mudstones and sandstones in Aderklaa 78. Regionally, the source area did not fundamentally change during Miocene sedimentation in the Vienna Basin (Kurzweil & Johns 1981) . From heavy mineral analyses, Wieseneder (1953) and Wieseneder & Maurer (1958) interpreted only minor changes of the sediment provenance (source area) for the Vienna Basin. In general, the heavy mineral assemblages can be related to erosional processes within the Alps and, to a lesser extent, the Bohemian Massif. The mineralogical decrease in calcite (Fig. 12d ) and the increase in the MgO/(MgO + Fe 2 O 3 ) ratio (Fig. 12c ) upsection, in both sandstones and mudstones, can be explained by a primary depositional control combined with a diagenetic overprint, where the younger sediments have a higher input of dolomite clasts, and the older sediments are richer in limestone clasts and, in addition, are calcite cemented.
The higher K-feldspar content in the limnicfluviatile Karpatian Aderklaa Formation (Gier et al. 2008) can presumably be attributed to a higher sediment input from the Bohemian Massif, where weathering and erosion of granitic and gneissic rocks took place. Alteration of this detrital Kfeldspar in the sandstones leads to the authigenesis of kaolinite, possibly by interaction with acidic water from thermal maturation of organic matter (Marfil et al. 2003) . This explains the higher kaolinite content in the clay fraction of the sandstones at depths greater than 2000 m. However, the different depositional environments identified in the core do not have a major influence on the overall illitization trend of smectite.
Conclusions † In relation to depth, the illitization of the illite -smectite mixed-layer mineral has progressed faster in the sandstones than in the mudstones. † Illitization of smectite took place in a relatively open system in the sandstones and in a closed system in the mudstones. The sandstones lost bulk K 2 O with increasing depth, in contrast to the mudstones where bulk K 2 O remains roughly constant with depth. The sandstones apparently did not donate K 2 O to the mudstones for illitization. † The higher permeability of the sandstones compared to the mudstones is also expressed by the higher kaolinite content, which was caused by accelerated alteration of feldspar in the sandstones compared to the mudstones. † Based on regional geology, sedimentary petrology, heavy mineral analyses and geochemistry, a common source area is interpreted for the studied sediments. The younger sediments had a higher input of dolomite clasts, while the older sediments are richer in limestone clasts and K-feldspar. † The variety of depositional environments, from limnic-fluviatile to marine, did not have a major influence on the illitization process . 756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812 
